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Wnt signaling controls a variety of developmental programs but the mechanisms by which the same signal
leads to distinct outputs remain unclear. To address this question, we identified stage-specific modulators of
Wingless (Wg) signaling in the Drosophila embryonic epidermis. We show that lines (lin) is essential for
Wg-dependent patterning in dorsal epidermis. lin encodes a novel protein that acts cell-autonomously,
downstream or in parallel to Armadillo (Arm) and upstream of Wg-dependent target genes. Lin can accumulate
in nuclei of cells signaled by Wg, suggesting that signaling promotes entry of Lin into the nucleus, where it
cooperates with Arm and Pangolin. Thus, a stage-specific modulator is used to mediate Wg signaling activity
in dorsal patterning. Hedgehog (Hh) controls half of the parasegmental pattern dorsally and antagonizes Wg
function to do so. Lin can accumulate in the cytoplasm of cells signaled by Hh, suggesting that Hh
antagonizes Wg function by prohibiting Lin from entering the nucleus.
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An important feature of development is the precise po-
sitioning of differentiated cell types in tissues and or-
gans. This positioning is accomplished by special cell
groups that are capable of instructing fate of distant cells
(Spemann 1938). Many genes involved in pattern forma-
tion have been identified by genetic analysis of cuticle
patterning in Drosophila (Nüsslein-Volhard and Wie-
schaus 1980). These genes include a small number of
ligands, their receptors, and signal transducers. Activa-
tion of a signal transduction pathway often facilitates
access of a pathway-dedicated transcription factor to the
nucleus, where it regulates target gene expression. Be-
cause only a few ligands are used reiteratively to pattern
different tissues, their effect on target cells has to be
modified by tissue- or stage-specific interactions.

The Wnt/Wg gene family encodes glycoproteins that
act on different tissues as pattern-organizing ligands
(Baker 1987; Cabrera et al. 1987; Rijsewijk et al. 1987).
Many segment polarity genes encode functionally con-
served signal transducers of the Wnt pathway. On the
basis of genetic and biochemical analysis, a model of
signal transduction has emerged (for review, see Dierick
and Bejsovec 1999). Wg binding to the Frizzled (Fz) or
Fz-2 receptors activates the pathway. Signal transduc-

tion leads to accumulation of Armadillo (Arm) in the
cytoplasm. Arm translocates to the nucleus, associates
with the HMG class DNA-binding protein Pangolin
[Pan; also known as Drosophila T-cell factor (dTcf)]
forming a transcription complex that regulates target
gene expression (Behrens et al. 1996; Molenaar et al.
1996; Brunner et al. 1997; Riese et al. 1997; van de We-
tering et al. 1997). It is not clear how this pathway and its
pathway-dedicated transcription complex is modulated
by factors that confer stage or tissue specificity.

The Wg pathway acts in several patterning processes,
eliciting varied responses. In fact, even in the same tis-
sue, Wg input elicits distinct responses at different
times. For example, early in embryogenesis, Wg input
consolidates parasegmental boundaries by maintaining
Engrailed (En) expression in adjacent epidermal cells (Di-
Nardo et al. 1988; Martinez-Arias et al. 1988). Late in
embryogenesis, Wg input is no longer needed for En
maintenance, but rather specifies cell fate. In the ventral
epidermis, it specifies the smooth cuticle cell type (Baker
1988; Bejsovec and Martinez-Arias 1991; Dougan and Di-
Nardo 1992; Noordermeer et al. 1992). It accomplishes
this specification by repressing expression of genes re-
quired for denticle fate specification including veinlet
(ve; also known as rhomboid), serrate, and shaven-baby
(Alexandre et al. 1999; Gritzan et al. 1999; Payre et al.
1999; Wiellette and McGinnis 1999). In the dorsal epi-
dermis, Wg specifies a fine hair cell type but the genes
mediating this response are not known (Bokor and Di-
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Nardo 1996). The molecular basis for the stage-specific
response to Wg signaling is unclear. Because two redun-
dant receptors Fz and Fz-2 mediate all Wg signaling (Bhat
1998; Kennerdell and Carthew 1998; Bhanot et al. 1999;
Chen and Struhl 1999; Muller et al. 1999), specificity is
not likely to be conferred by multiple receptors with
distinct specificities. Thus, transducers of Wg signaling
may trigger specific responses by interacting with tissue-
specific regulatory proteins, and/or signal transducers
activated by another pathway. One such example is the
gene teashirt (tsh), which modulates Wg signaling by
binding the transcription regulatory domain of Arm
(Gallet et al. 1998, 1999).

One approach to understanding Wg signaling specific-
ity is to identify genes that promote tissue- or stage-
specific Wg-dependent readouts and determine how they
act. Wg has a well-defined role in the development of the
segmented embryonic epidermis. In dorsal epidermis,
Wg is required to pattern half of the parasegment (Bokor
and DiNardo 1996). We screened for abnormalities in
this readout, as a genetic approach for isolating signal
transducers of the Wg signaling pathway and factors that
mediate tissue- or stage-specific responses in Wg signal-
ing. We re-isolated mutations in the segment polarity
gene lines (lin), originally identified by Nüsslein-Volhard
et al. (1984) because they affect the dorsal epidermal pat-
tern. We provide evidence that Lin is essential for late
Wg signaling activity, acting downstream of Arm but
upstream of Wg target genes. In addition, Lin can localize
to nuclei of cells signaled by Wg. We hypothesize that
Lin interacts with nuclear Wg signal transducers and
confers stage specificity to the pathway. We also find
that Lin localizes to the cytoplasm of cells signaled by
Hh, suggesting that Hh competes with Wg signaling by
exporting Lin from the nucleus.

Results

lin may be a stage-specific modulator of Wingless
signaling

The fly embryonic body plan is subdivided into paraseg-
mental units. Dorsally, rows of epidermal cells adopt
four distinguishable cell fates, 1°–4°, depending on their
position along the parasegment, generating a precise and
reproducible cuticle pattern (Fig 1A). A single row of
cells differentiates large, pigmented denticles, the 1°
fate. This row is followed by two to three cell rows pro-
ducing smooth cuticle, the 2° fate. The next two to three
rows secrete pigmented thick hairs, the 3° fate, which
are shorter than 1° denticles. The following seven to
eight rows secrete fine hairs, the 4° fate, which are longer
and less pigmented than 3° cells. Three to four cell rows
of smooth cuticle complete the pattern. These cell types
reflect alternative fate decisions made by the underlying
epithelial cells. Wg and Hh inputs specify these fates and
organize the pattern (Heemskerk and DiNardo 1994; Bo-
kor and DiNardo 1996). Hh and the homeodomain pro-
tein, En, are co-expressed in stripes (gray circles in Fig.
1A; Tabata et al. 1992), the posterior row of which pro-

duces the 1° fate whereas the anterior rows adopt smooth
fate. Hh is required across half the parasegment, where
cells adopt the 1°–3° fates. When late hh function is
blocked, the 1°–3° fates are missing and are replaced by
excess 4° fates (Fig. 1B; Heemskerk and DiNardo 1994).
Wg is also required across half the parasegment, where
cells adopt the 4° fate. Wg is expressed anteriorly adja-
cent to the En/Hh domain, in a subset of the cells pro-
ducing the 4° cell type (black circles in Fig. 1A). To dis-
tinguish a possible role for Wg in specifying fate from its
earlier role in maintaining En/Hh expression, we used
two different conditions, each of which provides for the
Wg-dependent maintenance of En/Hh but inactivates or
reduces Wg signaling during fate specification. First, we
inactivated a wg temperature-sensitive allele after suffi-
cient Wg signaling had been delivered to maintain En/
Hh [6 hr after egg laying (AEL)]. Second, we expressed
dominant-negative Pan using Ptc–GAL4, which blocks
Wg signaling only in cells flanking the En/Hh domain.

Figure 1. Contribution of Hh, Wg, and Lin to dorsal pattern.
(A) Wild-type (WT) dorsal cuticle pattern. (1°, 2°, 3°, 4°). Four
distinct cell types visible across the parasegment. We previously
mapped En/Hh (gray circles) and Wg (black circles) expression
domains that underlie this cuticle pattern (Heemskerk and Di-
Nardo 1994; Bokor and DiNardo 1996). (B) hhts, inactivated at 6
hr AEL. 1°–3° fates are replaced by 4° fates. (C) Ptc–GAL4; UAS–
PanDN. When Wg signaling is blocked, the 4° fates are lost and
excess 3° fates develop. In addition, an ectopic 1° cell row de-
velops (arrow). (D) lin. 4° fates are missing, and excess 3° fates
develop. In addition, an ectopic 1° cell row develops (arrow). Bar,
10 µm in all panels.
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When late Wg function is blocked in either of these
ways, the 4° cell fate is missing (Fig. 1C; Bokor and Di-
Nardo 1996), and the anterior En cells adopt ectopic 1°
fate (arrow in Fig. 1C). These cells are flanked anteriorly
by smooth cuticle. The parasegment is also narrower,
suggesting cell loss. In addition, upon careful examina-
tion of these mutant embryos, occasionally we find that
the domain of 3° cell fates is extended. Compared with
two to three rows of 3° fate in wild type (Fig. 1A), five
to six rows are produced in embryos blocked for Wg
signaling (Fig. 1C). To identify additional components
mediating Hh and Wg function, we screened an existing
mutant collection (Nüsslein-Volhard and Wieschaus
1980). We selected the lin mutation (Fig. 1D) because
the 4° fate is missing, and the domain producing the 3°
cell fate is extended from two or three rows to five or six
(Fig. 1A,D). In addition, the anterior En-expressing cells
adopt 1° fate instead of smooth cuticle (arrow in Fig. 1D),
and smooth cuticle is produced anteriorly to these
cells. Thus, the pattern in lin mutants is reminiscent of
the pattern in embryos blocked for late Wg signaling
(Fig. 1, cf. C and D), suggesting a role for lin in the Wg
pathway.

Because Wg expression decays in lin mutants, we
questioned whether this event could explain the pattern
defects. However, Wg expression decays at 10 hr AEL
(see Fig. 5C, below; van den Heuvel et al. 1993), while
Wg activity is required earlier, between 6 and 9 hr AEL,
for dorsal patterning (Bokor and DiNardo 1996). Never-
theless, we tested directly whether restoring Wg, by driv-
ing UAS–Wg using Arm–GAL4 in lin mutant embryos
can restore dorsal patterning, and it did not (not shown).

As expected, activating Wg signaling in wild-type em-
bryos affected the pattern (see below and Fig. 3B). Thus,
lin is required downstream of Wg expression.

The pattern defect in dorsal epidermis suggests that lin
mutations affect only late-stage Wg signaling. Because a
maternal contribution of lin could mask an earlier role in
Wg signaling, we examined embryos that lack both ma-
ternal and zygotic lin activity. However, the cuticle phe-
notype of these embryos is indistinguishable from zy-
gotic lin mutants (not shown). Thus, lin is necessary
only for late, Wg-dependent cell-type specification in
dorsal embryonic epidermis.

In contrast, in the ventral epidermis, the major lin mu-
tant phenotype does not reflect a defect in Wg signaling.
In wild type, the denticle belt is composed of six rows,
each with distinct shape, size, and polarity (Fig. 2B). In
lin mutants, the first three rows are replaced with
smooth cuticle (Fig. 2C). Normally, patterning in this
portion of the denticle belt is controlled by epidermal
growth factor-receptor (EGF-R) and not Wg signaling
(O’ Keefe et al. 1997; Szüts et al. 1997; Gritzan at al.
1999; Sanson et al. 1999). Thus, the ventral pattern de-
fect in lin mutants suggest a role for Lin within the
EGF-R pathway (V. Hatini and S. DiNardo, in prep.).
Note also that EGF-R function plays no role in pattern-
ing the dorsal epidermis, where we find that lin function
is linked with Wg signaling. Thus, while in some tissues,
lin may cooperate with a different signaling pathway, in
dorsal embryonic epidermis, lin is specifically necessary
for late, Wg-dependent cell-type specification. Thus, we
hypothesize that lin encodes a factor necessary for stage-
specific, Wg-dependent decisions. To test this hypoth-

Figure 2. Rescue of lin mutants and lin mRNA expression. (A) Smallest
deficiency [Df(2R) P15; broken line] that uncovers lin and the position of the
lin gene. (B) Wild-type ventral denticle belt composed of six denticle rows.
(C) lin. Anteriormost three denticle rows are replaced with smooth cuticle,
and denticle row 4 appears large like row 5. Excess denticles are produced
posterior to the denticle belt (arrowhead), a phenotype similar to that ob-
tained when late Wg function is attenuated (Bejsovec and Martinez-Arias
1991). (D) lin Ptc–GAL4; UAS–Lin. Anterior denticle rows are restored, and
excess row 2/3 denticles are produced (arrow). Note that excess denticles
posterior to the belt (arrowhead) are not restored to smooth cuticle. (E–G)
RNA in situ. Low levels of lin are ubiquitously expressed in epidermis
(closed arrows), with higher levels in hindgut (open arrowhead) and foregut
(open arrow) and in mesoderm (asterisk). Bar, 5 µm in B–D; 100 µm in E–G.
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esis, we cloned the gene and analyzed its interaction
with Wg signaling dorsally.

Cloning of lin

First, we mapped lin to a small deficiency, cloned all the
DNA spanning the deficiency, and identified transcripts
encoded in this region (Fig. 2). We constructed several
overlapping genomic transgenes covering the deficiency,
one of which rescued lin mutants to adulthood (Fig. 2A).
This transgene spanned the complete coding region of
only one cDNA. Expression of a representative cDNA
encoded by this genomic fragment by use of the GAL4–
UAS system and the Ptc–GAL4 driver rescued ventral
(Fig. 2C), as well as restored dorsal, Wg-dependent cell
fates in lin mutant embryos. We identified a nonsense
mutation (due to a C to T substitution) in lin2f, which
truncates the protein at position 108 of the 858-amino-acid
long protein, likely generating a null allele. We have used
lin2f and linG2, which is phenotypically as strong as lin2f, in
the experiments described below. lin encodes a novel pro-
tein; the only notable feature is a highly acidic amino-
terminal region. The lin gene produces a single mRNA
species, which is expressed broadly, at low levels in the
embryonic epidermis during the time of epidermal pattern-
ing (Fig. 2 E–G) and at higher levels elsewhere in the
embryo (V. Hatini, P. Bokor, and S. DiNardo, unpubl.).

Lin and Wg are similarly required for patterning
of the dorsal epidermis

Lin and late Wg activities are required for 4° but not
1°–3° cell fates. To determine whether Lin and late Wg
function are sufficient for specifying the 4° cell fate, we
used Arm–GAL4 to drive ubiquitous expression of Lin,
Wg, or activated Wg signal transducers. Expression of Wg
or activation of the Wg pathway globally by driving ac-
tivated Arm expression leads to the replacement of 1°–3°
cell fates with 4° fates (Fig. 3B). Similarly, driving of glob-
al Lin expression elicits an identical response, replacing
the 1°–3° fates with 4° fates (Fig. 3C). Thus, Wg and Lin
are sufficient for specifying the 4° cell fate when pro-
vided at higher levels. We note that one portion of the
parasegment is less sensitive to ectopic Lin or Wg activ-
ity. Driving of Lin or Wg at high levels in cells posterior
to the En domain, by use of Ptc–GAL4, is sometimes not
sufficient to transform the 2° fate to 4° (Fig. 3D). This
domain is where Hh activity is normally highest, sug-
gesting that Hh signaling competes with Lin and Wg in
fate selection.

Because both loss and gain of Lin and Wg function
exhibit similar cuticle phenotypes, we hypothesize that
they act along the same or parallel pathways to specify 4°
fates.

Lin acts cell-autonomously in specifying the 4°
cell fate

Lin may contribute to Wg signaling either by controlling
the production of a signal or by transducing a signal. We

can discriminate between these possibilities because if
Lin acts by producing a signal, restoration of restricted
expression of Lin in lin mutants will restore the 4° cell
fate non-autonomously. If Lin is required for transducing
the signal, the 4° fate will be restored autonomously only
in cells expressing Lin. In lin mutants, the anterior- and
posterior-most En rows differentiate the 1° denticle type,
while two to three cell rows internal to the En domain
differentiate smooth cuticle (Fig. 4A). Use of En–GAL4
and UAS–Lin to restore Lin in the En domain transforms
all the En-expressing cells cell-autonomously to the 4°
cell fate (Fig. 4B). Cells flanking the En domain are not
affected. Similarly, restoration of Lin in the Wg domain
in lin mutants by use of Wg–GAL4 restores the 4° fate
(Fig. 4D), but only in that portion of the 4° field that
expresses Wg. Two to three rows of cells anterior to the
Wg domain still adopt 3° fate (arrowheads in Fig. 4C).
Restoration of Lin activity in Wg-producing cells does
not restore the full pattern. Thus, these two experiments
indicate that Lin generally does not regulate expression
of a signal, but rather acts cell-autonomously to specify
the 4° cell fate.

There is one instance where Lin may regulate a signal.

Figure 3. Wg and Lin are sufficient for specifying the 4° cell
fate. (A) Wild type. (B) UAS–ArmS10; Arm–GAL4. Activation of
Wg signaling broadly shows replacement of 1°–3° fates by excess
4° fates. (C) UAS–Lin Arm–GAL4. Ubiquitous overexpression of
Lin also leads to replacement of 1°–3° cell fates with the 4° fates.
(D) Ptc–GAL4; UAS–Lin. Occasionally, overexpression of Lin is
not sufficient to specify 4° fate in place of 2° (asterisk). Bar, 10
µm in all panels.
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Expression of Lin in the Wg domain rescues the ectopic
1° denticle row found in the En domain of lin mutants
(Fig. 4D). Thus, Lin has a second role within Wg-express-
ing cells, and, in this case, it acts non-autonomously to
specify the (smooth) fate of the posteriorly adjacent row
of En cells.

Lin is necessary for Wg target gene regulation

The suggestion that Lin acts in some way to specify dor-
sal cell fate has so far relied on cuticle analysis, which
represents the final differentiated state of the cells, first
visible at about 13 hr AEL. However, Wg signaling speci-
fies these cell fates between 6 and 9 hr AEL (Bokor and
DiNardo 1996). Thus, to test whether or not Lin acts in
concert with Wg, we need to identify earlier molecular
markers for Wg patterning and test whether Lin activity
affects these markers. The first Wg-dependent target gene
is wg itself. If Wg function is blocked late by expression
of dominant-negative Pan with the Ptc–GAL4 driver,
late wg expression is lost from both the dorsal and the

ventral epidermis (Fig. 5B). Reciprocally, if Wg signaling
is activated by driving of activated Arm expression with
the Ptc–GAL4 driver, an ectopic Wg stripe is induced
posterior to the En domain (Fig 5E). Thus, wg gene ex-
pression depends on Wg input and provides a molecular
readout for the pathway. In lin mutants, late wg expres-
sion fades from the dorsal epidermis of fully retracted
embryos (10 hr AEL, Fig. 5C; van den Heuvel et al. 1993;
Bokor and DiNardo 1996). Reciprocally, overexpression
of Lin using the Ptc–GAL4 driver activates wg expres-
sion posterior to the En domain in the dorsal epidermis
(Fig 5F). The ectopic expression of wg is identical to that
obtained by expression of activated Arm posterior to the
En domain. The only distinction is that the effect of Lin
is restricted to the dorsal epidermis, while global activa-
tion of Wg signaling affects the ventral epidermis as well
(Fig. 5, cf. E and F). Thus, Wg input and Lin are both
necessary and sufficient for activation of wg gene expres-
sion in dorsal epidermis.

The second Wg-dependent target gene is ve, which is
expressed in a row of cells posteriorly adjacent to the

Figure 4. lin acts cell-autonomously. (A) lin En–
GAL4; UAS–LacZ. Activity stain reveals the En
domain in lin mutants (enclosed by broken
lines), which includes ectopic and normal 1° cell
types and two to three rows of smooth cuticle in
between. (B) Expression of UAS–Lin with En–
GAL4 in lin mutants transforms all cells in the
En domain into 4° cells. (C) Wild type. Two to
three rows differentiate as 3° cells (arrowheads).
(D) Expression of UAS–Lin with Wg–GAL4 in lin
mutants restores 4° fate to five to six cells rows
where Wg is expressed, but not more anteriorly.
(Arrowheads) Five rows that still differentiate as
3° cells. Note that the ectopic 1° cell type is re-
stored to smooth cuticle. Bar, 10 µm in all panels.

Figure 5. Lin and Wg similarly control
wg gene expression. (A) Wild-type, stage
13. Wg protein is expressed in stripes in
both dorsal (open arrowhead) and ventral
(open arrow) epidermis. (B) In embryos
blocked for late Wg signaling, Wg expres-
sion is lost ventrally and is fading dorsally.
(C) lin. Wg expression is maintained ven-
trally, but lost dorsally. In both B and C,
Wg protein is missing from most dorsal
cells, but expression is up-regulated in a
few individual cells. (D) Wild type, Wg
RNA (blue), En protein (brown). wg is ex-
pressed anterior to the En domain. (E) In
embryos overexpressing activated Arm, an
ectopic wg stripe is induced posterior to
the En domain ventrally (arrows) and dor-
sally (arrowheads). (F) In embryos overex-
pressing Lin, an ectopic stripe of wg is in-
duced posterior to the En domain, but only
dorsally (arrowhead). Bar, 50 µm in A–C;
10 µm in D–F.
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En/Hh-expressing cells (Fig. 6A; Bier et al. 1990). This
spatially restricted pattern is regulated in ventral epider-
mis by Wg signaling (Alexandre et al. 1999; Gritzan et al.
1999). We now show that Wg regulates ve expression
dorsally as well. For example, if Wg function is inacti-
vated at late stages, ve is ectopically expressed anterior
to the En domain (Fig. 6B). Reciprocally, if the Wg path-
way is broadly activated, ve expression is repressed (Fig.
6C). Thus, ve expression also provides a molecular read-
out for the Wg pathway. In lin mutant embryos, a second
stripe of ve is induced anterior to the En/Hh cells in the
dorsal epidermis (Fig. 6D). Thus, Lin and Wg function are
similarly required to repress ve gene expression.

We conclude that Lin acts in concert with Wg in regu-
lating target genes and consequently patterning the dor-
sal cell types.

Lin is necessary for Wg signaling in the dorsal
epidermis

Because Lin acts cell-autonomously upstream of Wg tar-
get genes, we determined where along the Wg signaling
pathway Lin function is required. We accomplished this
determination by forcing activation of cytoplasmic Wg
signal transducers in lin mutants and testing cuticle pat-
tern and ve gene regulation. We activated Wg signaling
by overexpressing Dishevelled (not shown) or using con-
stitutively activated Arm, with the UAS–GAL4 system
(Figs. 6E and 7C). Activation of Wg signaling in wild-type
embryos leads to global specification of the 4° cell fate
across the dorsal epidermis. In contrast, this specifica-
tion does not occur if lin function is removed (Fig. 7, cf.
B and C). In fact, the pattern resembles the lin mutant
pattern. For example, rather than adopting 4° fate, 1° and
2° fates are still established, as is the ectopic 1° fate and
the smooth fates anterior to these cells (Fig. 7C). Cells in
the remainder of the parasegment resemble immature 3°
rather than 4° cells. For example, the cuticle protrusions
are shorter and more pigmented than 4° cells, but their
base is narrower than fully mature 3° cells. The expres-
sion of a molecular marker is consistent with the cuticle
pattern, because now ve is not repressed by increased Wg
signaling if lin activity is removed (Fig. 6E). Note that
ventrally, Wg activation still represses ve even when lin
activity is removed, further demonstrating the restric-
tion of the role of Lin to dorsal Wg signaling. Thus, in
dorsal epidermis, Lin is crucial for completing Wg signal
transduction, acting downstream or in parallel to Arm.

Note the epistasis also is consistent with Lin being a
downstream target gene of the Wg pathway. However,
this model is unlikely as lin is still expressed in embryos
blocked for Wg signaling, and lin expression is not up-
regulated in embryos globally activated for Wg signaling
(data not shown). Therefore, Lin could act either in a
parallel pathway to the Wg pathway, or may cooperate
with Wg signal transducers.

If Lin is acting strictly in parallel to Arm, then both
Wg input and Lin must act for normal patterning. If,
however, Lin is required downstream of Wg signaling
then overexpression of Lin in embryos blocked for Wg
signaling will bypass the need for Wg input and restore
Wg-dependent readouts. The dorsal epidermis in em-
bryos null for Wg signaling is poorly differentiated and
occasionally missing. Expression of Lin in these embryos
does not rescue the pattern (not shown). Because lin is
not needed for early Wg signaling perhaps it is not sur-
prising that Lin is not capable of restoring En expression
in the absence of Wg. Expression of Lin in embryos
blocked for late Wg signaling may not allow us to dis-
tinguish between the two models posed above because
these embryos might contain residual Wg signaling ac-
tivity. To examine this issue, we overexpressed Lin us-
ing Ptc–GAL4 in wgts embryos shifted to the nonpermis-

Figure 6. Lin and Wg similarly control ve gene expression. (A)
Wild type, Ve RNA in situ. ve is expressed in one epidermal
stripe extending from the dorsal edge (arrowheads) to the ventral
midline (broken line). ve is expressed posteriorly adjacent to the
En domain (Gritzan et al. 1999). Also note ve expression in some
mesodermal and nerve cells underlying the epidermis. (B) Block-
age of Wg signaling activity by expression of dominant-negative
Pan with the Ptc–GAL4 driver leads to an ectopic stripe of ve
that extends from the dorsal edge (arrowheads) to the ventral
midline (arrows). The ectopic ve stripe is anteriorly adjacent to
the En domain (Gritzan et al. 1999). (C) Reciprocally, activation
of the Wg pathway by expression of activated Arm with the
Ptc–GAL4 driver leads to repression of ve expression. (D) In lin
mutants, an ectopic stripe of ve is found dorsally (arrowheads),
but not ventrally. (E) Activation of Wg signaling by expression
of activated Arm, with the Ptc–GAL4, in lin mutants represses
ve expression ventrally but not dorsally. Bar, 20 µm in all panels.
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sive temperature at 6 hr AEL (not shown), or in embryos
co-expressing Lines and dominant-negative Pan, and ex-
amined their cuticle pattern. In either experiment, the
usual effect on patterning caused by the defect in Wg
signaling is blocked in embryos co-expressing Lin as the
4° cell fate is restored (Fig. 7, cf. E and F). For example,
anterior to the En domain, smooth cuticle is replaced
with the 4° type (asterisk in Fig. 7F). In addition, the 4°
cell fate is restored posterior to the 2° domain. Expres-
sion of Lin in embryos expressing dominant-negative
Pan with the ubiquitous Arm–GAL4 driver replaces all
cell fates with 4° cell fate (not shown). This result may
have two interpretations. High levels of Lin may trigger
a response independently of Wg input. Alternatively, any
residual Wg signaling that may be present in these em-
bryos allows Lin to function.

Lin is nuclear in cells dependent on Lin and Wg
function

In the current model for Wg signaling, Arm regulates Wg
target gene expression in association with the DNA-
binding protein Pan. Because our epistasis shows that
Lin regulates Wg target gene expression downstream of
Arm, we expected to find Lin protein in nuclei. Crude
and purified polyclonal antisera weakly detected Lin pro-
tein by Western blot from embryonic extracts (not
shown), but these sera failed to detect the protein in situ.
We also modified the lin genomic rescue transgene to
include a Myc tag at the carboxyl terminus of the Lin
protein. The modified transgene rescued lin mutants to
adulthood; however, we have not been able to detect the
Myc-tagged Lin protein in situ. We conclude that Lin is
expressed below the detection levels of both our anti-Lin
and the commercial anti-Myc antibodies. However, Lin
protein can be detected by our antibodies in situ in em-
bryos overexpressing Lin by use of the UAS–GAL4 sys-

tem (Fig. 8). For instance, embryos carrying UAS–Lin and
the Ptc–GAL4 driver show the expected high levels of
Lin protein both anterior and posterior to the En expres-
sion domain at 10 hr AEL (Fig. 8A). However, Lin exhib-
its a different subcellular localization in each expression
domain. Lin is nuclear in cells anterior to the En domain
(arrowhead), in exactly those cells dependent on Lin and
Wg function. Lin is preferentially cytoplasmic posterior
to the En domain (arrow), which may help explain why
excess Lin sometimes does not alter patterning in this
domain (Fig. 3D). However, we must assume that low
levels of Lin do enter the nucleus, as sometimes these
cells are transformed to the 4° fate. Expression of Lin
with Arm–GAL4 shows that Lin is nuclear in half of the
parasegment anterior to the En domain, and cytoplasmic
in the other half posterior to the En domain.

To determine whether the differential localization is
signal-dependent we co-expressed Lin with Wg to ecto-
pically activate Wg signaling. In this case, Lin accumu-
lates exclusively in nuclei both anterior (arrowhead) and
posterior (arrow) to the En domain (Fig. 8B). To decrease
Wg signaling, we expressed dominant-negative Pan with
Ptc–GAL4. As we showed above (Fig. 5B), due to feed-
back regulation, this expression leads to reduced Wg ex-
pression, and therefore reduced Wg signaling. In such
embryos, the differential localization of Lin is altered,
but mostly at lateral positions in the embryo, where Lin
occasionally localizes to the cytoplasm anterior to the
En domain (small arrowheads). In the dorsal epidermis,
Lin is still nuclear, which is consistent with the fact that
although Pan function is compromised in these embryos,
excess Lin still promotes the 4° fate (Fig. 7F).

We conclude that Wg signaling can influence the sub-
cellular localization of Lin. In addition, the nuclear lo-
calization of Lin supports our genetic model that Lin is
needed to complete transduction of the Wg signal, prob-
ably by cooperating with Arm/Pan in the nucleus. Inter-
estingly, in the ventral epidermis, where Lin is required

Figure 7. Lin is essential for Wg signaling and can
promote Wg-dependent readouts when Wg signal-
ing is deficient (A) lin. (B) Activation of Wg signal-
ing results in global specification of 4° cell types.
(C) However, activation of Wg signaling in lin mu-
tants, by expression of activated Arm with Arm–
GAL4, does not lead to global specification of 4°
cell types. Note that the ectopic 1° row is preceded
by a region of differentiating smooth cuticle (aster-
isk), as in A. (D) Pattern in embryos blocked for late
Wg signaling. (E) Ptc–GAL4; UAS–Lin. Excess rows
of 4° cells. (F) Overexpression of Lin in embryos
deficient in Wg signaling leads to differentiation of
the 4° cell type, in place of the 3°, in cells flanking
the En domain. Note that the ectopic 1° cell row is
not rescued. However, anterior to this region,
smooth cuticle is replaced with the 4° (asterisk).
Bar, 10 µm in all panels.
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on either side of the En domain, Lin is nuclear both an-
terior and posterior to that domain (not shown). Thus,
Lin subcellular localization is correlated with its spatial
requirement.

Discussion

We have found that lin function is absolutely essential
for tissue- and stage-specific Wg signaling events. On the
basis of the results of genetic tests involving both loss
and gain of function and on the signal-dependent differ-
ential subcellular localization of Lin protein across the
parasegment, we discuss how this novel protein may me-

diate Wg-dependent cell-fate specification. More gener-
ally, we also discuss how Lin affects the balance of Wg
and Hh signaling and assures proper patterning of the
parasegment dorsally.

Stage-specific modulators of Wg signaling

Because Lin is not required for the early role of Wg sig-
naling, its requirement for late Wg-dependent cell-type
specification is stage specific. Moreover, because Lin is
required only minimally for late signaling ventrally, but
is essential dorsally, its role in Wg-dependent cell-type
specification is tissue specific, or specific to a subregion
within a tissue.

Recently another factor has been described as a stage-
specific modulator of Wg signaling. Teashirt (Tsh), a
zinc-finger protein, is necessary for late, but not early,
Wg signaling in the ventral epidermis (Gallet et al. 1998,
1999). The role of Tsh has not been investigated dorsally.
Although Tsh binds to the carboxyl terminus of Arm,
the precise manner in which this binding allows Wg sig-
naling is not understood. Regardless of the actual mecha-
nism, the fact that two modulators of Wg signaling have
now been described for just embryonic epidermal Wg
function suggests that such factors will be identified for
many of the other Wnt/Wg-dependent specification
events throughout development. These modulators may
be essential for selecting the proper tissue-specific devel-
opmental programs in response to Wnt/Wg signaling in-
put.

Aside from Tsh and Lin being stage-specific modula-
tors of Wg-dependent cell-type specification, the other
intriguing parallel between these two genes is that both
also affect the function of Homeotic proteins (de Zulueta
et al. 1994; Castelli-Gair 1998). The mechanism by
which each protein affects Homeotic function is un-
known, although Tsh, a zinc-finger protein, and Lin, a
pioneer protein, are likely to act in distinct manners bio-
chemically. Nevertheless, the fact that both Lin and Tsh
affect Wg signaling as well as Homeotic function dem-
onstrates that these proteins are used at developmentally
different times and places to modulate the effects of dif-
ferent factors. Note also that we have shown that lin
activity has a major role in ventral epidermal patterning,
but instead of affecting Wg-dependent cell types, it is
necessary for those cell types dependent on EGF-R
activation (V. Hatini, P. Bokor, and S. DiNardo, unpubl.;
O’ Keefe et al. 1997; Szüts et al. 1997).

Models of lin interaction with the Wg signaling
pathway

We considered the possibility that Lin merely facilitates
Wg signaling activity by increasing the efficiency of
some step along the Wg pathway. However, we found
that excess Wg produced in lin mutant embryos did not
restore Wg-dependent readouts, demonstrating that lin is
essential for Wg signal transduction. In addition, we

Figure 8. Differential subcellular localization of Lin. (A) Ptc–
GAL4; UAS–Lin. Anterior to the En domain, Lin localizes to
nuclei (open arrowheads), whereas posterior to the En domain,
Lin localizes to the cytoplasm (open arrows). (B) Coexpression of
Lin and Wg with the Ptc–GAL4 driver leads to the localization
of Lin in nuclei both anterior and posterior to the En domain. (C)
Coexpression of Lin and dominant-negative Pan with the Ptc–
GAL4 driver leads to the localization of Lin to the cytoplasm
anterior to the En domain in lateral epidermis (small open ar-
rowheads). Dorsally, the differential localization of Lin is main-
tained. Bar, 50 µm in all panels.
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showed that lin activity is, in general, required cell-au-
tonomously, indicating a role for Lin in cells receiving
Wg input. Epistasis analysis helped place the require-
ment for lin activity relative to that for Wg signal trans-
ducers.

Overexpression of Lin in embryos deficient for Wg sig-
naling (because they express a dominant-negative form
of Pan) restored patterning. There are two possible ex-
planations for this. The lin gene might be induced by Wg
signaling and be a target of the pathway. However, lin
expression is independent of Wg input. The second ex-
planation relies on the likelihood that there is residual
Pan (and activated Arm) activity still present in these
embryos. We favor the possibility that overexpressed Lin
cooperates with residual Wg signal transduction to
specify cell fates. This model is supported by our analy-
sis showing that Lin acts downstream of activated Arm
but upstream of the expression of target genes.

Because Lin encodes a novel protein, its sequence did
not yield clues for the manner in which it cooperates
with Arm and/or Pan. However, we find it compelling
that Lin protein accumulates in nuclei of cells in the
dorsal epidermis signaled by Wg. Although with our cur-
rent reagents, we can only visualize the Lin protein
when overexpressed, in the very same embryos, Lin pro-
tein remains in the cytoplasm of cells signaled by Hh.
These observations, along with the results summarized
above from epistasis tests, lead to three models for Lin
function in Wg-dependent cell-fate specification.

First, because Lin protein is nuclear in cells in which it
is acting, Lin may directly regulate the transcription of
Wg target genes by interacting with DNA or DNA-bound
proteins. For instance, Arm and Pan may act at one site
on target genes, while Lin acts directly at an adjacent
site. Because Lin does not have an obvious DNA-binding
domain, it may act in combination with another DNA-
binding protein. Pan bound to one site could easily be
imagined to modulate the function of Lin at a second
site, as LEF1/TCF proteins related to Pan can play an
architectural role, regulating the assembly of multipro-
tein enhancer complexes (Giese et al. 1992). This sce-
nario is reminiscent of the midgut Ubx enhancer, which
contains a Wg-responsive Lef-1 DNA-binding site, and a
Dpp-dependent cyclic AMP-responsive element (Riese et
al. 1997). The identification of response elements in the
target genes ve and wg will be needed to investigate
whether the regulation by Arm/Pan and Lin is direct and
to reveal the precise mechanism at work. It is also pos-
sible that Lin interacts directly with Pan and/or Arm,
rather than participating in a distinct complex. However,
initial experiments with the two-hybrid system or im-
munoprecipitation have not provided evidence for direct
interactions with Arm (V. Hatini and S. DiNardo, un-
publ.).

In a second model, Lin may regulate transcription by
creating a state permissive for Wg signal transducers to
act. For example, Lin itself may act by remodeling chro-
matin structure, allowing efficient access of transcrip-
tion factors to Wg-regulated promoters, leading to an in-
creased activity of DNA-bound Pan/Arm complexes.

Finally, Lin may regulate transcription factor activity
by affecting the modification state of factors such as Arm
and or Pan. Precedent exists for this, as in Caenorhab-
ditis elegans, the Lit1 MAP kinase regulates the function
of Wrm1 and Pop1, proteins related to Arm and Pan,
respectively (Ishitani et al. 1999; Meneghini et al. 1999;
Rocheleau et al. 1999).

Although Lin can promote Wg signaling in the dorsal
epidermis, it is not sufficient to do so ventrally. Thus,
Lin can promote Wg signaling only in a competent re-
gion of cells. The activity of Lin dorsally must depend on
additional factors, which provide this region with the
competence to modulate Wg signaling in response to
Lin. Such a factor could provide a biochemical link be-
tween Lin and the Arm/Pan complex.

Whichever model holds, note that the role of Arm and
Pan is more clearly understood for transcriptional acti-
vation events (Molenaar et al. 1996; Brannon et al. 1997;
Riese et al. 1997; van de Wetering et al. 1997), where
Arm is proposed to confer an activation function to the
otherwise negative regulator Pan (Cavallo et al. 1998;
Roose et al. 1998; Waltzer and Bienz 1998). Only a few
genes have been characterized as being repressed by Wg
signal transduction, for example, dpp and wg in develop-
ing leg and wing, respectively, (Brook and Cohen 1996;
Jiang and Struhl 1996; Rulifson et al. 1996), and ve as
described here. Unfortunately, response elements medi-
ating Wg-dependent repression have not yet been iden-
tified. It is likely that the Arm/Pan complex can recruit
repressors or activators to Wg target genes, perhaps in a
manner analogous to Smad proteins, which can activate
by recruiting the co-activator CBP/p300 (Feng et al.
1998) or repress by recruiting co-repressors such as TGIF
or Ski, which, in turn, bind histone deacetylases (Akiyo-
shi et al. 1999; Luo et al. 1999; Wotton et al. 1999). Our
identification of ve as a gene repressed by Wg input will
eventually provide tools to investigate negative regula-
tion by the Wg pathway.

Regulation of Lin subcellular localization

Lin can exhibit differential subcellular localization
across the parasegment. Dorsally, when expressed at
high levels, Lin is in nuclei of cells anterior to the En
domain and in the cytoplasm of cells posterior to it.
Thus, nuclear localization can correlate with cells that
require lin function. Often one consequence of the acti-
vation of a signaling pathway is an accumulation of tran-
scription factors and accessory proteins in the nucleus.
This situation appears to be the case here, too, as the
localization of Lin is dependent on Wg signaling as in-
creased Wg signaling promotes Lin nuclear localization,
while reduced Wg signaling leads to decreased nuclear
localization in some regions in the embryo. In addition,
Hh signaling, which is more active posterior to the En
domain (Gritzan et al. 1999), may somehow promote Lin
export from the nucleus. Irrespective of how signaling
activity causes the differential localization, we note that
Lin does not have an obvious nuclear localization signal.
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Because Lin is essential for Wg-dependent cell-type
specification acting downstream or in parallel to Arm,
and because Lin nuclear localization is influenced by
Wg, a particularly attractive model involves Arm in the
localization of Lin. Arm/b-catenin share homology with
the importin/karyopherin family of transport receptors
and can bind the nuclear pore machinery (Fagotto et al.
1998), raising the possibility that one function of Arm/
b-catenin is to import regulatory proteins to the nucleus.
Perhaps as Wg signaling stabilizes Arm, it associates
with Lin in the cytoplasm and transports Lin across the
nuclear membrane. The association of Arm with other
regulatory proteins may also promote their nuclear im-
port, as proposed for Tsh (Gallet et al. 1998, 1999). Al-
ternatively, because the phosphorylation state of a pro-
tein can lead to transport into or out of the nucleus,
perhaps Wg signaling affects Lin localization through the
inhibition of the serine/threonine kinase Shaggy. In this
case, Lin nuclear import would be regulated by an up-
stream component of the Wg pathway and then interact
with other downstream components (Arm/Pan) in the
nucleus.

Contribution of Lin to dorsal pattern

Wg signaling has two distinct roles in patterning the em-
bryonic epidermis. The first is to prevent an En-depen-
dent signal from crossing over anteriorly (Heemskerk
and DiNardo 1994; Gritzan et al. 1999; Sanson et al.
1999). When Wg signaling is deficient, a signal from the
En domain, such as Hh, crosses over and specifies cell
fate anterior to it, creating a mirror image ve expression
and cuticle pattern (smooth–1°/1°–smooth). In lin mu-
tants, ve expression and pattern are similarly reorga-
nized, indicating that lin is necessary for this role of Wg.
The second role of Wg is to specify cell fate in half of the
parasegment, an event that is also blocked in lin mutants
(Bokor and DiNardo 1996). Thus, these two patterning
roles of Wg are compromised in lin mutants.

Normally, Hh patterns posteriorly from its source,
specifying the 1°–3° cell fates, whereas Wg patterns to
the anterior, specifying the 4° cell fate. The domains of
Wg and Hh influence meet in the middle of the paraseg-
ment, at approximately the interface of 3° and 4° cell
types. A balance between Wg and Hh signaling is essen-
tial for proper patterning in this region as changing the
strength of either can alter the pattern in the middle of
the parasegment. For example, reduction of Wg function
results in excess 3° cells at the expense of 4° cells (Fig.
1C). Similarly, a gradual increase in Hh signaling leads to
a gradual increase in the number of 3° cells at the ex-
pense of 4° cells (Heemskerk and DiNardo 1994).

We propose that Lin helps govern the balance between
Wg and Hh influence by promoting Wg signaling activ-
ity, which can thereby better compete with Hh function.
An increase of Lin activity can alter this balance, leading
to excess 4° cells at the expense of 3° cells (Fig. 3D). At
higher levels of Lin, the entire domain under Hh influ-
ence differentiates as 4° cells (Fig. 3C). Aside from the
contribution of Lin levels to the pattern, the level of Hh

is also crucial. Hh may contribute to this balance by
antagonizing Lin function, as we proposed previously
(Bokor and DiNardo 1996). The antagonism will be high-
est posterior to the En domain where Hh signaling is the
highest. In fact, we now find further evidence for this
antagonism, as expression of high levels of Lin in this
region is not always sufficient to replace the 2° with 4°
fate (Fig. 3C). We propose that, in wild type, Hh antago-
nizes Lin activity in the middle of the parasegment,
thereby toning down Wg signaling activity in this region,
and allowing these cells to adopt 3° rather than 4° fate.
One way by which Hh may antagonize Lin function, and
thereby Wg signaling, is by exporting Lin to the cyto-
plasm.

Materials and methods

DNA manipulations

lin fell under Df (2R)G75, narrowing the previous cytological
position (Nüsslein-Volhard et al. 1984) to 44F–45A. By mobiliz-
ing a P-element inserted at the babo gene, we isolated an ∼40 kB
directed deletion, Df(2R)P15, extending proximally from babo
to pgi, which also deleted lin. DNA spanning this deletion was
fully contained within cosmid 75F3 and P1 DS07727. We iden-
tified nine distinct cDNA classes isolated from a 4- to 8-hr
embryonic library (Brown and Kafatos 1988). Of five overlapping
genomic transgenes spanning the deletion, one (#24) rescued lin
mutants to adulthood. A smaller derivative transgene (#24 KpnI
Cu) also rescued lin. Only one cDNA was encoded by this trans-
gene. A 3.5-Kb HindIII–NotI cDNA fragment from pNB40 was
inserted at the HindIII and NotI sites in pBluescript, generating
pBS-Lin. Then, a KpnI–NotI blunted fragment from pBS-Lin was
inserted at KpnI and blunted XbaI sites of pUAST vector.

For sequencing lin alleles, DNA was prepared from homozy-
gous lin mutant larvae, recognized by their head open pheno-
type. Genomic DNA corresponding to nucleotides 29–945 of lin
was PCR amplified from each of five lin alleles: linG1 and linG2

(A. Konev), linG10 (J. Merriam), lin2f, and lin2u with forward
primer 58-CGCTGGCCCGAAGAGTGC-38 and reverse primer
58-CTGGCCGTTGGTGTCCTGTGAGT-38. Purified ampli-
cons were sequenced using these PCR primers and two internal
primers: forward primer, 58-CCCCACCACCACGCGGTGTAG-
38(622–643); reverse primer, 58-TTGGCGGTGCTTGGCGTT-
GAC-38 (615–594).

For generating genomic Myc-tagged lin transgenes, we PCR
amplified a region of the lin cDNA with a foward primer up-
stream of the EcoRI site at position 2380 and a reverse primer
spanning the termination codon at position 2867, introducing a
BamHI site: forward primer, 58-AGCGGTGACGGTGAAAGA-
GATACG-38; reverse primer, 58-CGGGATCCGCTCAGCTC-
GTTGCCCTCGTACAG-38 (BamHI site underlined). The am-
plicon was digested with EcoRI and BamHI and cloned into
pBluescript SK. Then, a BamHI–XbaI fragment from pCS2-
6×MT was inserted into the above construct, fusing the car-
boxyl terminus of Lin to the 6×-Myc epitope. Then an XhoI
fragment extending from position 2840 of lin past the 6×-Myc
epitope was isolated and inserted at the unique XhoI site in #24
KpnI Cu, corresponding to position 2840 in the lin cDNA, gen-
erating a Lin–Myc tag fusion protein. The orientation and frame
of the construct was verified by sequencing.

For generation of the bacterial Lin protein expression vector,
after conversion of the SmaI site at position 596 in the lin
cDNA to a BamHI site, a BamHI–XhoI fragment (corresponding
to nucleotides 596–2824; amino acids 104–843) was inserted
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into BamHI/SalI-digested pQE-32, in-frame with an amino-ter-
minal 6×His epitope (Qiagen).

Antibody production

The induced Lin protein accumulated in inclusion bodies,
which were purified by four cycles of resuspension, sonication,
and precipitation and prepared for immunization by Covance,
Inc., as described by Benedyk (1994). Antibodies where purified
by adsorption to membrane-bound Lin protein as described by
Pringle et al. (1991)

Fly strains

Five independent transgenic lines carrying UAS–Lin showed
comparable effects on cuticle pattern. Two of these were used
here: UAS–Lin 8 (chromosome II); UAS–Lin 9/2 (chromosome
III). We used Wg–GAL4 (J. Pradel), En–GAL4 (A. Brand), Ptc–
GAL4 (Speicher et al. 1994), Arm–GAL4 (J.-P. Vincent), UAS–
PanDN1 (van de Wetering et al. 1997), UAS–ArmS10 (Pai et al.
1997), UAS–LacZ.NZ J312 (Y. Hiromi), and UAS–Wg (Lawrence
et al. 1996). We constructed the following recombinant chro-
mosomes: lin2f En–GAL4, lin2f Ptc–GAL4, lin2f UAS–Wg,
FRT42B linG12-30, and FRT42B lin2u. Germ-line clones for
linG12-30 and lin2u were produced by use of the ovoD1 system
(Chou et al. 1993) in females of the genotype yw HSFlp/yw;
FRT42B linG12-30 or FRT42B lin2u/ FRT42B ovoD1, which were
mated to yw; lin2f/CyO Df(2R) B80 Dp y+ males. Embryos mu-
tants for both maternal and zygotic lin function, FRT42D lin-
mat/zyg/lin2f, were identified by their y cuticle phenotype.

Genotypes analyzed

The following genotypes were analyzed in this study: hh ts2 (Fig.
1B); Ptc–GAL4; UAS–PanDN1 (Figs. 1C, 5B, 6B, and 7D); Df
(2R)P15 (Figs. 1D, 5C, and 7A); linG2/ lin2f; #24 KpnI Cu (Fig.
2A); linG2/ lin2f (Fig. 2C); lin2f Ptc–GAL4/ linG2; UAS–Lin 9/2
(Fig. 2D); Ptc–GAL4; UAS–ArmS10 (Figs. 3B, 5E, 6C, and 7B);
UAS–Lin 9/2/Arm–GAL4 (Fig. 3C); Ptc–GAL4; UAS–Lin 9/2
(Figs. 3D, 5F, and 7E); lin2f En–Gal4/ linG2; UAS–LacZ.NZ (Fig.
4A); lin2f En–GAL4/ linG2; UAS–Lin 9/2 (Fig. 4B); linG2 Wg–
GAL4/lin2f; UAS–Lin 9/2 (Fig. 4C); lin2f (Fig. 6D); UAS–ArmS10;
lin2f/ lin2f Ptc–GAL4 (Figs. 6E and 7C); Ptc–GAL4/ UAS–Lin 8;
UAS–PanDN1 (Figs. 7F and 8C); Ptc–GAL4/ UAS–Wg; UAS–Lin
9/2 (Fig. 8B).

Cuticle preparations, immunohistochemistry, and in situ
hybridization

Embryos were processed as described previously to visualize
cuticle pattern (van der Meer 1977; Wieschaus and Nüsslein-
Volhard 1986). b-Galactosidase activity stains on cuticle prepa-
rations (Heemskerk and DiNardo 1994) were performed on lin2f

En–Gal4/ linG2; UAS–LacZ.NZ. We used MAb4D4 for visual-
ization of Wg (Brook and Cohen 1996), MAb4D9 for En (Patel et
al. 1989), MAb9E10 for the Myc epitope, and crude or purified
rat serum for Lin. Several fixation protocols were used to detect
Lin in situ in wild-type embryos, including variation of the
duration and fixative concentrations, heat fixation, and the use
of octane instead of methanol. Biotinylated antibodies (Vector)
and horseradish peroxidase-conjugated streptavidin were used
at 1:400. Cy3-labeled secondary antibodies were used at 1:300
(Jackson). In situ probes were synthesized from full-length lin
cDNA and from ve and wg templates (Baker 1987; Bier et al.
1990). Double labeling was as described by Dougan and Di-

Nardo (1992). Embryos were photographed as whole mount or
as sections.
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